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This  is a r e p o r t  on t h e  status as of September 1987 of our s tudy  of 
t h e  r o l e  of plasma wave turbulence i n  t h e  terrestr ia l  bow shock. 
I n  p u r s u i t  of t h a t  s tudy  w e  have compiled a d a t a  set con ta in ing  
measurements from v a r i e t y  of instruments  f o r  approximately 100 shock 
c r o s s i n g s ,  and have p l o t t e d  t h e  plasma wave p r o f i l e s  of t h e s e  shocks i n  
con junc t ion  with t h e i r  magnetic f i e l d  data .  Analysis  of t h e s e  p r o f i l e s  
has  l e a d  t o  a number of important new r e s u l t s ,  which inc lude  t h e  
fo l lowing  observat ions.  
(1) Three shock-associated emissions are seen  i n  t h e  plasma wave 
data:  upstream e l e c t r o n  plasma o s c i l l a t i o n s ;  i o n  a c o u s t i c  no i se ;  and low 
frequency electromagnet ic  noise .  P r o f i l e s  of t h e  i o n  a c o u s t i c  and lower 
frequency n o i s e  are q u i t e  similar. Each g e n e r a l l y  e x h i b i t s  two scale 
l eng ths :  wave i n t e n s i t y  begins gradual ly  b u i l d i n g  up 10's of seconds 
upstream, i n c r e a s e s  a b r u p t l y  a t  the forward edge of t h e  ramp, peaks 
w i t h i n  t h e  ramp, and then  decays t o  a s t e a d y  downstream value.  
plasma o s c i l l a t i o n s  d i e  away as the shock is  approached, d i sappea r ing  
w i t h i n  t h e  f o o t  of s u p e r c r i t i c a l  shocks, and l a s t i n g  midway through t h e  
ramp of s u b c r i t i c a l  shocks. 
E l e c t r o n  
(2 )  This d a t a  set has provided t h e  f i r s t  comprehensive set  of 
measurements of shock-associated waves i n  t h e  range of t h e  lower hybrid 
frequency, and has demonstrated t h a t  t h e  observed waves are c o n s i s t e n t  
w i th  g e n e r a t i o n  by t h e  k i n e t i c  cross  f i e l d  s t reaming i n s t a b i l i t y .  
( 3 )  The obse rva t ion  t h a t  t h e  foo t - a s soc ia t ed  waves are p resen t  
upstream of even nominally s u b c r i t i c a l  shocks i m p l i e s  t h a t  a d e f i n i t i o n  
of t h e  s u b c r i t i c a l - s u p e r c r i t i c a l  t r a n s i t i o n  which invokes t h e  presence o r  
absence of r e f l e c t e d  ions  as a marker r e q u i r e s  modif icat ion.  Reanalysis  
of shock overshoots ,  which was provoked by t h e  plasma wave o b s e r v a t i o n s ,  
has i n  f a c t  l ead  t o  t h e  conclusion t h a t  no f i r m  evidence e x i s t s  f o r  a 
s h a r p  subcritical/supercritical t r a n s i t i o n .  
(4) Wave measurements have been shown t o  be i n  q u a n t i t a t i v e  
agreement wi th  t h e o r e t i c a l  analyses  of r e s i s t i v e  h e a t i n g  a t  s u b c r i t i c a l  
shocks,  and have supported t h e  p red ic t ed  predominance of lower-hybrid- 
l i k e  modes over i o n  a c o u s t i c  no i se  i n  t h e  product ion of a c t u a l  plasma 
heat ing.  
( 5 )  Evidence f o r  v a r i a b l e  shock normal ang le s  i s  seen  upstream from 
nominally q u a s i p a r a l l e l  shocks. 
( 6 )  Study of our  d a t a  set lead t o  t h e  discovery of t h e  f i r s t  ca ses  
of very s t r o n g  e l e c t r o n  h e a t i n g  observed a t  t h e  terrestr ia l  bow shock. 
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INITIAL OBJECTIVE 
We proposed t o  provide more d e t a i l e d  wave measurements, and then  t o  
subsequent ly  use  t h e s e  measurements and plasma hea t ing  d a t a  i n  making 
q u a n t i t a t i v e  tests of theory.  The i n i t i a l  s t e p  i n  our  s tudy ,  t h e  
c o n s t r u c t i o n  a series of maps of plasma wave i n t e n s i t i e s  re ferenced  t o  
magnetic f i e l d  s t r u c t u r e s ,  w a s  completed w i t h i n  t h e  f i r s t  y e a r  and t h e  
q u a n t i t a t i v e  a n a l y s i s  has proceeded i n  s e v e r a l  d i r e c t i o n s  s i n c e  then. 
F igure  1 p r e s e n t s  an  example of our  dua l  p r o f i l e  maps, w i th  
c h a r a c t e r i s t i c  plasma wave emissions re ferenced  t o  t h e  magnetic f i e l d  
p r o f i l e .  Channels r ep resen t ing  e l e c t r o n  plasma o s c i l l a t i o n s  (31 1 kHz), 
i o n  a c o u s t i c  no i se  (562 Hz) and containing t h e  lower hybr id  frequency 
(5.6 Hz) are shown. Work wi th  similar p r o f i l e s  has  produced a number of 
i n t e r e s t i n g  obse rva t ions ,  which are  o u t l i n e d  i n  t h e  fo l lowing  s e c t i o n s .  










Figure  1. Plasma Wave and Magnetic F i e l d  P r o f i l e s .  
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PLASMA WAVE PROFILES 
There are two gene ra l  types  of emissions which rise d rama t i ca l ly  
i n  i n t e n s i t y  as t h e  shock is approached. They are a mid-frequency 
(200-800 Hz) e l e c t r o s t a t i c  "ion acous t ic"  emission and low frequency 
e lec t romagnet ic  noise .  The two emissions g e n e r a l l y  fo l low t h e  same 
p a t t e r n  wi th  r e spec t  t o  shock s t r u c t u r e .  I n  both cases t h e  no i se  growth 
has  two scale lengths :  wave i n t e n s i t y  begins  g radua l ly  bu i ld ing  up 10's 
of seconds upstream, inc reases  abrupt ly  a t  t h e  forward edge of t h e  ramp, 
peaks w i t h i n  t h e  ramp, remains s teady f o r  s e v e r a l  seconds,  and then  
decays w i t h i n  t h e  overshoot t o  a s teady downstream value.  
e x t e n t  of t h e  no i se  is c o r r e l a t e d  with t h e  turnaround d i s t a n c e  f o r  
s p e c u l a r l y  r e l f e c t e d  ions.  S imi la r  p a t t e r n s  are  seen  i n  t h e  cases of 
s u b c r i t i c a l  and s u p e r c r i t i c a l  shocks. 
The upstream 
The narrow band high frequency e l e c t r o n  plasma o s c i l l a t i o n s ,  on t h e  
o t h e r  hand, d i e  away as  t h e  shock is approached, d i sappear ing  w i t h i n  t h e  
f o o t  of s u p e r c r i t i c a l  shocks,  and p e r s i s t i n g  up u n t i l  t h e  ramp i n  
s u b c r i t i c a l  cases. The plasma o s c i l l a t i o n s  and f o o t  i o n  a c o u s t i c  no i se  
are a n t i c o r r e l a t e d .  
LOW FREQUENCY NOISE 
A number of lower-hybrid-like i n s t a b i l i t i e s  have been suggested as 
sources  of shock d i s s i p a t i o n ,  bu t  t h e  lower hybrid frequency is g e n e r a l l y  
approximately 10 Hz i n  t h e  s o l a r  wind upstream of t h e  e a r t h ,  and 
observa t ions  i n  t h i s  frequency range have been scarce .  
wave ins t ruments  d i d  not cover t h i s  f requency range, and i n  t h e  ISEE 
ins t ruments ,  where t h e  frequency range is s u f f i c i e n t ,  s t r o n g  background 
o f t e n  obscures t h e  s i g n a l s .  We have managed t o  assemble a se t  of 
approximately 60 shocks however where c lear  shock-associated s i g n a l s  are 
seen  i n  t h e  lowest channels.  
t oge the r  t h e  f i r s t  comprehensive d e s c r i p t i o n  of lower-hybrid-like no i se  
i n  a t r u l y  c o l l i s i o n l e s s  shock (Mellot t  and Greens tad t ,  unpublished 
manuscript) .  
t h a t  t h e  k i n e t i c  c ros s  f i e l d  streaming i n s t a b i l i t y  i s  a major source  of 
low frequency plasma wave no i se  a t  t h e  e a r t h ' s  bow shock. 
The IMP plasma 
Study of t h e s e  shocks has enabled us  t o  put  




W e  have argued (Greenstadt  and Mel lo t t ,  J. Geophys. R e s . ,  92, 4730, 
1987) t h a t  t h e  upstream i o n  acous t i c  and lower hybr id  no i se  are genera ted  
by i o n s  r e f l e c t e d  gy ra t ing  ions.  
upstream f o o t  i n  every one of the shocks i n  our  d a t a  se t  has  an  important  
impl ica t ion .  It i s  evidence t h a t  t h e r e  are always some r e f l e c t e d  ions  
p r e s e n t ,  regard less  of whether t he  magnetic f i e l d  p r o f i l e  e x h i b i t s  t h e  
s u p e r c r i t i c a l  f o o t  and overshoot or not.  It appears  i n c o r r e c t  t o  d e f i n e  
t h e  subcritical/supercritical t r a n s i t i o n  s o l e l y  i n  terms of t h e  presence 
o r  absence of r e f l e c t e d  ions ,  a r e s u l t  which c a l l s  f o r  a r e c o n s i d e r a t i o n  
I n  t h i s  case, t h e  presence of an 
of the  s i g n i f i c a n c e  of Edmiston and Kennel 's  (J. Plasma Phys., 32, 
429-442, 1984) f i r s t  c r i t i c a l  Mach number. 
The l ack  of a c l e a r  t r a n s i t i o n  i n  t h e  plasma wave d a t a  l ead  us  t o  
r econs ide r  prev ious  r e p o r t s  of a c l e a r  c r i t i c a l  Mach number th re sho ld  f o r  
t h e  appearence of overshoots  i n  shock magnetic f i e l d  p r o f i l e s .  
t o  understand t h i s  apparent  discrepancy w e  rechecked t h e  overshoot  
r e s u l t s ,  and found t h a t  t h e  e a r l i e r  r epor t ed  sha rp  th re sho ld  was an  
a r t i f a c t  r e s u l t i n g  from t h e  use  of imprec ise  s o l a r  wind parameters.  
a n a l y s i s  and i t s  impl i ca t ions  f o r  t h e  na tu re  of very h igh  and very low 
Mach number shocks are desc r ibed  i n  Mel lo t t  and Livesey (J. Geophys. 
.* Res i n  press, 1987). 
I n  o r d e r  
This 
COMPARISONS WITH THEORY 
One of our  goa l s  was t o  provide p r e c i s e  enough d e s c r i p t i o n s  of t h e  
plasma wave emissions t h a t  q u a n t i t a t i v e  comparisons wi th  theory could be 
made. This  requi red  developing proper averaging techniques and 
c o l l e c t i n g  t h e  appropr i a t e  s o l a r  wind d a t a  so t h a t  normal iza t ions  could 
be made. 
One r e s u l t  of t h i s  development is  t h a t  w e  have been a b l e  t o  compare 
measured wave i n t e n s i t i e s  with- 
r e l a t i v e  r o l e s  of i o n  a c o u s t i c  
s u b c r i t i c a l  shocks c a r r i e d  out  
4411, 1987). This  work showed 
f a r  t o o  low t o  account f o r  t h e  
f requencies  are much c l o s e r  t o  
those p red ic t ed  i n  t h e  comparison of t h e  
and modified two stream i n s t a b i l i t i e s  i n  
by Winske e t  a l .  (J. Geophys. R e s . ,  92, 
tha t  observed i o n  a c o u s t i c  wave l e v e l s  are 
observed hea t ing ,  whi le  i n t e n s i t i e s  a t  low 
those required.  
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QUAS IPARALLEL SHOCKS 
This  s tudy  has  a l s o  produced i n t e r e s t i n g  r e s u l t s  i n  t h e  regime of 
Shock cross ings  are d i f f i c u l t  t o  p ick  out  i n  t h e  q u a s i p a r a l l e l  shock. 
t h e  plasma wave d a t a  a s soc ia t ed  with t h e s e  shocks because t h e  reg ion  
upstream from q u a s i p a r a l l e l  shocks is  a l r eady  f i l l e d  wi th  plasma wave 
noise .  We have however found a n  i n t e r e s t i n g  p a t t e r n  i n  t h i s  upstream 
no i se ,  which appears  t o  r e f l e c t  important shock processes .  We observe,  
as can  be seen  i n  F igure  2, t h a t  the ampli tudes of t h e  upstream e l e c t r o n  
p lasma o s c i l l a t i o n s  (31.1 kHz) and i o n  a c o u s t i c  n o i s e  (e.g., 3.11 kHz) 
vary  ( i n v e r s e l y )  on t h e  30 second time scale. 
79 329 NOV 25 ISEE-1 
Figure  2. Q u a s i p a r a l l e l  Bow Shock: Plasma Wave P r o f i l e .  
These observa t ions  are c o n s i s t e n t  wi th  those  of Greens tad t  and M e l l o t t ,  
(Geophys. Res. L e t t . ,  12, 129-132, 1985) who showed t h a t  t h e  convect ion 
of l a r g e  ampli tude 1owTrequency waves i n t o  a nominally q u a s i p a r a l l e l  
shock r e s u l t s  i n  l o c a l  geometr ic  condi t ions  which vary from nea r ly  
p a r a l l e l  t o  nea r ly  perpendicular .  This  v a r i a b l e  shock normal angle  i s  
presumably being r e f l e c t e d  i n  t h e  p e r i o d i c  change of wave cha rac t e r .  




Previous r e p o r t s  g e n e r a l l y  supported t h e  g e n e r a l i z a t i o n  t h a t  t h e  
e a r t h ' s  bow shock produces r e l a t i v e l y  l i t t l e  e l e c t r o n  heat ing.  I n t e r e s t  
i n  anomalous e l e c t r o n  h e a t i n g  revived r e c e n t l y  however wi th  t h e  discovery 
of s t r o n g  h e a t i n g  a t  t h e  J u p i t e r  shock. We picked ou t  of our d a t a  set 
cases as similar as p o s s i b l e  t o  those of J u p i t e r  i n  o r d e r  t o  see i f  
s i m i l a r  e f f e c t s  might occur w i t h i n  t h e  terrestr ia l  d a t a  set. What w e  
discovered i n  doing t h i s  was t h a t  i n  f a c t  very s t r o n g  e l e c t r o n  h e a t i n g  
can occur  a t  t h e  ea r th .  
This  i s  demonstrated i n  Figure 3, where t h e  e l e c t r o n  h e a t i n g  a c r o s s  
t h e  shocks i n  our d a t a  se t  is  p l o t t e d  as a f u n c t i o n  of shock s t r e n g t h  as 
parameterized by t h e  magnetic f i e l d  r a t i o .  There are c l e a r l y  a number of 
shocks,  c l u s t e r e d  about t h e  dashed l i n e ,  where t h e  h e a t i n g  is  e s s e n t i a l l y  
a d i a b a t i c ,  but t h e r e  are  a l s o  a niimber of cases where t h e  hea t ing  is  very 
much s t r o n g e r ,  i n  f a c t  s t r o n g e r  than t h a t  observed a t  J u p i t e r .  The 
e x i s t e n c e  of t h i s  s t r o n g  h e a t i n g ,  and i t s  pa rame t r i c  dependences are 
d i scussed  i n  a paper which w e  prepared i n  c o l l a b o r a t i o n  with Michel le  
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Figure  3. E lec t ron  Heating as a Function of Shock S t r eng th .  R a t i o  of 
Downstream t o  Upstream E l e c t r o n  Temperature i s  P l o t t e d  Versus Downstream 




This  s tudy  has  produced a number of important  r e s u l t s :  
(1) There i s  s t r o n g  e lec t romagnet ic  tu rbulence  i n  t h e  range of t h e  
lower hybrid frequency a s soc ia t ed  wi th  most shock c ross ings ,  and i t s  
c h a r a c t e r i s t i c s  are g e n e r a l l y  c o n s i s t e n t  wi th  i ts  genera t ion  v i a  t h e  
k i n e t i c  c ros s  f i e l d  s t reaming i n s t a b i l i t y .  
(2 )  The maximum i n t e n s i t y  i n  both ion  a c o u s t i c  and lower hybrid 
channels  occurs  w i t h i n  t h e  shock ramp. 
( 3 )  Every shock i n  t h e  d a t a  s e t  has  an upstream plasma wave f o o t ,  
most l i k e l y  d r iven  by r e f l e c t e d  gy ra t ing  ions.  The presence of t h e s e  
f e e t  upstream of nominally s u b c r i t i c a l  shocks i n d i c a t e s  a need f o r  more 
c a r e f u l  d e f i n i t i o n  of t h e  subcritical-supercritical t r a n s i t i o n .  
(4) Elec t ron  plasma o s c i l l a t i o n s  persist  up t o  t h e  ramps of 
s u b c r i t i c a l  shocks,  and begin  decaying a t  the f r o n t  edge of the f e e t  of 
s u p e r c r i t i c a l  shocks. The i r  i n t e n s i t y  i s  a n t i c o r r e l a t e d  w i t h  t h e  
ampli tude of t h e  f o o t  i o n  a c o u s t i c  noise .  
( 5 )  Wave measurements are  i n  q u a n t i t a t i v e  agreement wi th  t h e o r e t i c a l  
ana lyses  of r e s i s t i v e  hea t ing  i n  s u b c r i t i c a l  shocks. 
(6) Evidence f o r  v a r i a b l e  shock normal angles  is  seen  upstream from 
nominally q u a s i p a r a l l e l  shocks. 
(7 )  Very s t rong  e l e c t r o n  hea t ing  is  observed on occasion a t  t h e  
e a r t h ' s  bow shock. 
POST SCRIPT 
Establ ishment  of t h i s  d a t a  s e t  has  a ided  s i g n i f i c a n t l y  i n  i n c r e a s i n g  
ou r  understanding of t h e  v a r i e t i e s  and sources  of plasma wave turbulence  
a s s o c i a t e d  wi th  t h e  e a r t h ' s  bow shock. We have a l s o ,  however, i n  t h e  
p a s t  two yea r s  come t o  a much b e t t e r  understanding of t he  r o l e  of t h e s e  
waves i n  shock d i s s i p a t i o n .  Unfortunately f o r  those  of u s  who are fond 
of wave p a r t i c l e  i n t e r a c t i o n s ,  i t  appears  t h a t  i n  f a c t  wave turbulence  
has  r e l a t i v e l y  l i t t l e  t o  do wi th  plasma hea t ing  a t  c o l l i s i o n l e s s  shocks 
(see d i scuss ion  i n  Mel lo t t ,  1986). 
i ons  when t h i s  s tudy began: t h e  major source  of ion  d i s s i p a t i o n  a t  most 
bow shocks is  c l e a r l y  t h e  r e f l e c t i o n  process .  It i s  a l s o  becoming clear 
t h a t  t h e  major f a c t o r  i n  e l e c t r o n  h e a t i n g  i s  t h e  i n t e r a c t i o n  between the 
e l e c t r o n  d i s t r i b u t i o n  and t h e  shock p o t e n t i a l ,  and that  wave pa r t i c l e  
i n t e r a c t i o n s  p lay  only a secondary r o l e  i n  shock physics.  Important  
ques t ions  about t h e  plasma physics  a s s o c i a t e d  wi th  the gene ra t ion  and 
a c t i o n  of shock a s soc ia t ed  plasma waves remain however, t o  which f u r t h e r  
a n a l y s i s  of t h e  d a t a  set produced i n  t h i s  s tudy should provide  important  
input .  
This  was a l r eady  c l e a r  i n  t h e  case of 
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